ABSTRACT. The biological properties of mesenchymal stem cells (MSCs) are influenced by donor age, gender and/or tissue sources. The present study investigated the cellular and molecular properties of porcine mesenchymal stromal/stem cells (MSCs) isolated from different tissues (adipose & dermal skin) and sex at different ages (1 week & 8 months after birth) with similar genetic and environmental backgrounds. MSCs were analyzed for alkaline phosphatase (AP) activity, CD90 and Oct3/4 expression, in vitro differentiation ability, senescence-associated β-galactosidase (SA-β-Gal) activity, telomeric properties, cell cycle status and expression of senescence (IL6, cmyc, TGFβ, p53 and p21)-and apoptosis (Bak and Bcl2)-related proteins. An age-dependent decline in AP activity and adipogenesis was observed in all MSCs, except for male A-MSCs. CD90 expression did not change, but SA-β-Gal activity increased with advancement in age, except in A-MSCs. Telomeric properties were similar in all MSCs, whereas expression levels of Oct3/4 protein declined with the advancement in age. p21 expression was increased with increase in donor age. Male derived cells have shown higher IL6 expression. The expression of p53 was slightly lower in MSCs of dermal tissue than in adipose tissue. Bak was expressed in all MSCs regardless of age, but up regulation of Bcl2 was observed in DS-MSCs derived at 1 week after birth. In conclusion, adipose tissue-derived MSCs from young female individuals were found to be more resistant to senescence under in vitro culture conditions. KEY WORDS: adipose MSCs (A-MSCs), age, apoptosis, dermal skin MSCs (DS-MSCs), senescence doi: 10.1292/jvms.15-0596; J. Vet. Med. Sci. 78(6): 987-995, 2016 Mesenchymal stromal/stem cells (MSCs) possess selfrenewal capacity and multipotency with the ability to differentiate into various lineages [26, 31, 46] . Currently, MSCs have gained an increased attention not only due to their immunomodulatory properties but also with the advancement in culture techniques to improve their in vitro expansion. The broad range of clinical applications of MSCs includes many diseases, such as graft-versus-host disease, periodontitis, severe chronic myocardial ischemia, liver cirrhosis, multiple sclerosis and diabetes [3, 14, 29, 37, 43] .
Mesenchymal stromal/stem cells (MSCs) possess selfrenewal capacity and multipotency with the ability to differentiate into various lineages [26, 31, 46] . Currently, MSCs have gained an increased attention not only due to their immunomodulatory properties but also with the advancement in culture techniques to improve their in vitro expansion. The broad range of clinical applications of MSCs includes many diseases, such as graft-versus-host disease, periodontitis, severe chronic myocardial ischemia, liver cirrhosis, multiple sclerosis and diabetes [3, 14, 29, 37, 43] .
Although MSCs are considered to be important candidates for regenerative medicine, their procurement with minimal discomfort and in vitro expansion with desired quality as well as quantity for clinical application is still challenging. It is observed that the number and frequency of stem cells decline with the advancement in age [4] , which not only contribute to human and animal aging but also associated with number of age-related diseases [38] . Several studies on MSCs have shown that aging induces many changes in their biological properties, such as proliferation and differentiation [45, 51] . Furthermore, previous reports have also demonstrated an age-related decline in the number of proliferative MSCs in the bone marrow of rodents, monkeys and humans [42, 45, 51] . However, most of these previous studies have evaluated the cells from individuals with different life histories under uncontrolled conditions. The faster growth rate was observed in in vitro fertilized male embryos compared to female embryos before implantation, indicating the existence of genetic and cellular differences among sex before the induction of hormonal stimulation [2, 27, 36, 49] . Particularly, gene expression profiles during early embryo development differ among sex [20, 35] . These observations clearly suggest that the difference in cellular characteristics among sex will arise from the early embryo and may have an impact on the regenerative capacity of both sexes [7, 21, 33] . Recently, it has been reported that stem cells isolated from the animals of different sexes have shown varying cellular characteristics and stemness [16, 17, 23] .
After initial identification of MSCs in the bone marrow's stromal component [18] , these cells are also isolated from other tissues, such as synovium, muscle, periosteum and adipose tissue in humans and other animal species. However, differentiation potential of these MSCs differs based on the anatomical harvest site [1] .
All primary cells, including MSCs, undergo only a limited number of cell divisions under standard culture conditions due to a process called cellular senescence. Several molecular pathways are involved in senescence, such as DNA damage, accumulation of cyclin-dependent proteins, tumor suppressor factors and progressive shortening of telomeres. Alteration of telomeric structures has been implicated in replicative senescence, as the number of telomere repeats decreases with every cell division [5] . Despite the progressive telomere shortening in long-term-cultured MSCs in vitro, little is known about the relationship between the MSC donor age and telomere shortening [8, 30, 44] .
Several recent studies have used pigs as preclinical models for cell therapy, because of their anatomical and physiological resemblance with humans. The present study investigated the effect of sex and tissue source according to donor age on the biological properties of porcine MSCs at cellular and molecular levels in vitro. Pigs from the same litter were used as MSC donors at different ages to eliminate genetic and environmental variations.
MATERIALS AND METHODS

Reagents and media:
Unless otherwise specified, all chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.), and media were from Gibco (Invitrogen, Burlington, ON, Canada).
Isolation and culture: All experiments were authorized by the Animal Center for Biomedical Experimentation at Gyeongsang National University. Tissues of three female and three male pigs from the same litter were recovered under standard surgical procedures at both 1 week and 8 months after birth. Porcine MSCs from subcutaneous adipose tissue (A-MSCs) were isolated following a previously described method by digestion with 0.075% collagenase type I (Millipore, Temecula, CA, U.S.A.) and subsequent separation by filtration with 100-and 40-µm cell strainers [10] . Porcine dermal skin MSCs (DS-MSCs) were isolated after removal of the epidermis of the ear skin as previously described [39] . As a control, MSCs were isolated from porcine bone marrow (BM-MSCs) as described previously [28] . All cells were isolated from each sample in triplicates and cultured in advanced Dulbecco's Modified Eagle Medium (ADMEM) supplemented with 10% fetal calf serum (FCS) and 1% penicillin-streptomycin (10,000 IU and 10,000 µg/ml) at 38.5°C in a humidified atmosphere of 5% CO 2 in air. After cells reaching 70% confluence, they were sub-cultured/passaged for further analysis using 0.25% trypsin-EDTA solution. MSCs at passage 3 were used in all the experimentations unless otherwise specified.
Alkaline phosphatase (AP) activity: To detect AP activity, porcine MSCs grown on 35-mm dishes for 2 weeks were stained with an AP chromogen kit (BCIP/NBT) (Abcam Inc., Cambridge, MA, U.S.A.) after fixing with 4% formaldehyde. Positive AP reactivity was indicated by purplebrown staining.
CD marker analysis: The expression of cell surface marker CD90 in pMSCs was analyzed by flow cytometer as previously described [41] . In brief, 1 × 10 5 cells at passage 3 were suspended in 100 µl of Dulbecco's phosphate-buffered saline (DPBS) and labeled with fluorescein isothiocyanate (FITC) conjugated mouse anti-human CD90 (Thy-1, BD Biosciences, San Jose, CA, U.S.A.) or isotype-matched control antibodies (mouse IgG1, BD Biosciences). A total of 10,000 cells were analyzed by flow cytometer using CellQuest software (Becton Dickinson, Frankin Lakes, NJ, U.S.A.).
In vitro differentiation potential: Cells at ~80% confluence were induced toward adipogenic or osteogenic differentiation by culturing in ADMEM supplemented with lineage specific constituents for 3 weeks in triplicates. Adipogenic differentiation medium consisted of 10 µM insulin, 200 µM indomethacin, 500 µM isobutylmethylxanthine and 1 µM dexamethasone [46] . Accumulation of lipid droplets was evaluated by Oil red O staining. Osteogenic differentiation medium consisted of 1 µM dexamethasone, 100 µM ascorbic acid and 10 mM β-glycerophosphate [9] . The formation of osteoblasts was evaluated by Alizarin red and von Kossa staining. The cultures were replaced with fresh medium at every 3 days.
Senescence-associated β-galactosidase (SA-β-Gal) staining: To evaluate cellular senescence, an SA-β-Gal assay was performed according to manufacturer's protocol using SA-β-Gal Staining Kit (Cell Signaling Technology, Cambridge, MA, U.S.A.). Briefly, Cells at 60% confluence grown in 35-mm dishes in triplicates were fixed with 3.7% formalin for 10 min at room temperature. After washing twice with DPBS, 1 ml of SA-β-Gal staining solution was added to each dish and incubated at 37°C overnight in a dry incubator (no CO 2 ). The Cells were observed under a microscope for the development of blue color, while the SA-β-Gal staining solution was still on the dishes.
Analysis of telomere length: Genomic DNA from each sample was extracted using the GENE ALLTM Tissue SV plus mini kit (General Biosystem, Seoul, Korea). The DNA was subjected to telomere length analysis using the Telo TAGGG Telomere Length Assay kit (Roche, Mannheim, Germany) following manufacturer's instructions. Briefly, genomic DNA was digested with Rsa1 and Hinf1 for 2 hr at 37°C and separated by 0.8% agarose gel electrophoresis at 30 V/cm for 5 hr. After gel depurination and denaturation, DNA fragments were transferred overnight by Southern blotting in 20× SSC buffer to a positively charged nylon membrane. DNA was fixed to the membrane by UV cross-linking, and the membrane was probed using a DIG-labeled telomere probe, washed and blocked. Bands were detected using AP anti-DIG antibody and CDP-Star chemiluminescent substrate. The telomere length was calculated by exposing the X-ray film for 1-5 min and then imaging it. The signals were scanned and evaluated using the Unok-8000 Gel Manager System Gel Viewer 1.5 system (Biotechnology, Seoul, Korea). The mean telomere length was calculated using the formula: mean TRF ∑(ODi)/ ∑(ODi/Li), where ODi is the optical density at a position i on the lane and Li is the corresponding terminal restriction fragment (TRF) length at position i on the lane. This formula takes into account the higher signal intensity generated by larger TRF fragments. Female BM-MSCs derived from the same litter both at 1 week and 8 months after birth were used for an internal control, whereas cells derived from the testis tissue of 1-year-old pig were used for a positive control.
Cell cycle analysis: For cell cycle analysis by flow cytometry, the cells were fixed with 70% ethanol, washed twice with DPBS and stained with 10 µg/ml propidium iodide. The cell cycle analysis was performed in triplicate using 10,000 cells per sample each time.
Western blot analysis: The expression of proliferation, senescence and apoptosis associated proteins was analyzed using Western blot. Briefly, protein lysate was prepared from respective MSCs at passage 3 using RIPA buffer (all samples were isolated from three female and three male pigs from the same litter) (Thermo Scientific, Rockford, IL, U.S.A.) and then centrifuged at 14,000 × g for 5 min at 4°C. The supernatant was used for determining protein concentration using bicinchoninic acid (BCA) protein assay reagent kit (Pierce Biotechnology, Rockford, IL, U.S.A.). A total of 25 µg each protein sample was separated on 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE, Mini Protean, BioRad, Hercules, CA, U.S.A.) and electroblotted onto polyvinylidene difluoride (PVDF, Millipore) membranes. Female BM-MSCs derived from 1 week old pig were used as an internal control for MSCs. HeLa and F9 whole cell lysates (Santa Cruz, CA) were used as positive controls for telomerase reverse transcriptase (TERT; HeLa), p21 (HeLa) and Oct 3/4 (F9), whereas lysates from human fibroblast (MCF 5) and cancer cells (MDA-MB-231) were used as negative controls for Oct 3/4 protein expression. The membranes were blocked and incubated with anti-TERT (1:200 dilution; Santa Cruz Biotechnology, CA, U.S.A.), anti-Oct 3/4 (1:100 dilution; Santa Cruz Biotechnology), anti-IL6 (1:500 dilution; Abcam, Cambridge, UK), anti-P53 (1:100 dilution; Santa Cruz Biotechnology), antic-myc (1:500 dilution; Abcam), anti-TGFβ (1;500 dilution; Abcam), anti-p21 (1:200 dilution; Santa Cruz Biotechnology), anti-Bak (1:1,000 dilution; Abcam), anti-Bcl2α (1:200 dilution; Abcam) and anti-β-actin (1:1,000 dilution; Cell Signaling Technology, Cambridge, MA, U.S.A.) antibodies overnight at 4°C. The membranes were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies, such as goat anti-mouse (1:1,000 dilution; p53 and Bcl2α), goat anti-rabbit (1:5,000 dilution; p21, IL6, c-Myc, TGFβ, Bax and β-actin) and donkey anti-goat (1:5,000 dilution; Oct3/4 and TERT) for 1 hr at room temperature. Protein bands were detected by enhanced chemiluminescence (ECL) (Amersham Biosciences Corp., Piscataway, NJ, U.S.A.).
Statistical analysis: Data were analyzed by one-way analysis of variance (ANOVA) using SPSS 12.0 (SPSS Inc., Chicago, IL, U.S.A.) followed by Tukey's multiple comparisons test. Data are expressed as mean ± standard deviation (SD). Differences were considered significant at P<0.05.
RESULTS
General observations for MSCs:
All MSCs have shown fibroblast-like morphology in monolayer culture and formed colonies regardless of donor sex and age. As shown in Fig.  1A , MSCs have shown reduced AP activity with the advancement in age. Female-derived MSCs obtained at 1 week after birth showed higher AP activity than male-derived MSCs obtained at the same age. However, the AP activity was decreased in MSCs harvested at 8 months after birth regardless of gender compared to that in MSCs harvested at 1 week after birth. There was no notable difference in AP activity in MSCs of both ages with respect to the source of tissue. All MSCs were strongly positive for CD90 with staining in 87% of cells, except for adult female A-MSCs, which showed CD90 expression in -80% of cells (Fig. 1Ba) . CD90 expression was maintained in cells isolated at 8 months after birth without any significant differences (P<0.05), indicating the mesodermal lineage of the cells (Fig. 1Bb) .
Analysis of MSC differentiation potential: The stemness of MSCs harvested at 1 week and 8 months after birth was assessed by in vitro differentiation into osteocytes and adipocytes. All MSCs differentiated into osteocytes and adipocytes in vitro regardless of donor age, sex and tissue source with varying differentiation capacity ( Fig. 2A and 2B) .
MSCs harvested at 8 months after birth showed enhanced osteogenic differentiation, where male-derived cells have shown higher propensity toward osteogenesis than femalederived cells. Furthermore, MSCs from adipose tissue displayed a higher differentiation capacity than those from dermal skin.
In contrast, all MSCs harvested at 8 months after birth showed markedly diminished adipogenic differentiation, except for male-derived A-MSCs which maintained their differentiation capacity with the advancement in age. On the other hand, A-MSCs harvested at 1 week after birth regardless of their sex have shown higher adipogenic differentiation ability when compared to both male and female derived DS-MSCs harvested at the same age.
Analysis of SA-β-galactosidase activity: The results of SA-β-Gal staining for the detection of cell aging are displayed in Fig. 3 . All MSCs harvested at 8 months after birth were more positive for SA-β-Gal staining, except for female A-MSCs, when compared to those harvested at 1 week after birth (macrographs of Fig. 3) . Furthermore, DS-MSCs showed stronger SA-β-Gal staining than A-MSCs harvested at 8 months after birth. However, there was no difference found in SA-β-Gal staining among MSCs harvested at 1 week age regardless of their sex and tissue source.
Analysis of MSC life-span and proliferation: MSC lifespan was analyzed according to donor sex, age and tissue source based on telomere length (Southern blotting) and telomerase activity (TERT; Western blotting) (Fig. 4) . The telomere length of female-derived BM-MSCs was 18.5 ± 1.3 and 19.0 ± 0.0 Kb at 1 week and 8 months of age, respectively. The telomere length ranged from 17.0 ± 1.0 to 19.3 ± 1.0 Kb in all MSCs with no significant differences among donor sex, age or tissue source. The telomere length in the testis tissue of 1-year-old pig was 22.3 ± 2.5 Kb, which was significantly higher than that in all other MSCs under current investigation. TERT protein expression was not detected in any of the MSCs evaluated.
Expression of Oct 3/4 protein, an early stem cell transcription factor and a potent indicator of proliferation capacity, was observed to be diminished with the advancement in age. Female-derived MSCs showed slightly stronger Oct 3/4 protein expression than male-derived MSCs at both the ages. Further, its expression was slightly higher in A-MSCs than in DS-MSCs.
Cell cycle analysis: The cell cycle distribution of MSCs is presented in Table 1 and Fig. 5 . A higher proportion of MSCs harvested at 8 months after birth was in the G0/G1 phase compared to that of MSCs harvested at 1 week after birth.
Analysis of cell-aging-related proteins:
The expression of proteins related to cell proliferation, differentiation and apoptosis was analyzed by western blotting (Fig. 6A) . The pro-inflammatory cytokine IL6 was expressed in all types of MSCs without change in its expression with the advancement in age. However, IL6 expression was higher in male-derived MSCs than in female-derived MSCs, wherein adiposederived MSCs have shown slightly higher expression than dermal skin-derived MSCs at both the ages. c-Myc, a cell proliferation factor and oncogene, was expressed at higher levels in female DS-MSCs derived at one week after birth than that in other types of MSCs. Expression of TGFβ, a cell proliferation and differentiation factor, was found to be elevated in male DS-MSCs derived at one week after birth compared to other types of MSCs. p53, an antitumor molecule and stress factor, was expressed in all types of MSCs and did not vary according to donor age, sex and tissue source, except in male DS-MSCs harvested at 8 months after birth. Further, p53 expression was higher in A-MSCs compared to that in DS-MSCs regardless of donor age and sex. The expression of p21 was increased in MSCs harvested at 8 months after birth and was similar to that of female-derived BM-MSCs.
Analysis of apoptosis-related proteins:
Expression of Bak and Bcl2 is known to be directly correlated with apoptosis, and the expression patterns of these proteins in MSCs are shown in Fig. 6B . Bak, a pro-apoptotic protein, was expressed in all MSC types, although with varying expression levels, female-derived MSCs harvested at 1 week after birth showed higher expression. In contrast, Bcl2 protein was expressed at extremely low levels in all MSCs, except DS-MSCs harvested at 1 week after birth. Bcl2 expression in female-derived DS-MSCs and male-derived DS-MSCs harvested 1 week after birth was similar to that of female BM-MSCs.
DISCUSSION
Here, we report that the donor age, gender and tissue source are linked to the change in physiological, functional and molecular characteristics of porcine MSCs. Both human and rat MSCs are previously reported to be associated with age-dependent change in biological properties [45, 50] , and especially, the proliferative nature of MSCs may vary upon in vitro cultivation depending on the tissue source as well as the donor age [25, 40] .
The present study also demonstrated the characteristics of porcine MSCs, such as stemness, proliferation, senescence and apoptosis, were affected by donor age, gender and tissue source. Stemness was evaluated by AP activity, CD marker expression and differentiation ability of MSCs. In porcine, AP expression has been reported as a marker for assessing pluripotency of stem cells including porcine umbilical cord (PUCs) [13] and skin-derived cells [28] , and its expression was found to be affected by donor age. Our study showed the decreased AP activity with aging regardless of donor sex and tissue source, indicating the progressive loss of differentiation capacity of MSCs with the advancement in age of porcine.
CD90 is a representative MSC-specific marker to confirm mesodermal origin of porcine MSCs. Donor aging has been reported to be associated with the decline in number of CD90-positive cells [12, 45] . However, in the present study, its expression was not altered by either donor age, sex or tissue source. This may be due to the species specific variability. As CD90 also participates in immunosuppression by reducing the levels of HLA-G or IL10 [12] , our results indicate that porcine MSCs are thought to maintain their immunosuppressive capacity at least for up to 8 months after birth.
To address whether donor age, sex and tissue source will affect the multipotency of porcine MSCs, we have evaluated in vitro osteogenesis and adipogenesis. Previously, it has been reported that donor aging will affect multipotency of MSCs, and especially, osteogenic propensity will decline with the advancement in age [48, 51, 52] . However, in this study, donor aging had only affected adipogenic ability while maintaining osteogenic ability of porcine MSCs. The reason for conflicting results obtained in this study may possibly be due to the early procurement of MSCs at 8 months after birth when compared to previous studies where MSCs were derived from the bone marrow of elderly humans ( >50 years old) and rats (26 months old) [48, 52] . Further, adipose tissue derived MSCs showed higher multipotency than those derived from dermal skin, indicating MSCs present in adipose tissue may be more primitive than those in dermal skin. Nevertheless, higher adipogenic differentiation of A-MSCs obtained at 1 week after birth regardless of their sex suggests that the epigenetic memory could also play an important role in the differentiation ability of MSCs.
Embryonic stem cells possess long telomeres and high telomerase activity and expression of the early stem cell transcription factor Oct 3/4 [19, 22] . These factors are involved in cell proliferation and maintenance of cellular aging in stem cells. However, in adult stem cells, such as MSCs, the expression of telomerase and Oct 3/4 is still unclear as some studies have reported very low telomerase activity and the absence or extremely low levels of Oct 3/4 expression [19, 24, 34] . In this study, telomere length was unaffected by the effect of donor age, sex and tissue source. However, telomerase activity was absent or extremely low in all types of MSCs. The proliferative capacity of porcine MSCs is found to be declined with the advancement of donor age as indicated by the higher expression of p21 protein with higher proportion of cells in G0/G1 phase of cell cycle in MSCs harvested at 8 months after birth compared to that in MSCs harvested at 1 week after birth. Apart from donor age, it is also evident that sex and tissue source can affect proliferative capacity of MSCs as revealed by the expression of Oct 3/4 protein. Female-, adipose-derived MSCs are more likely to maintain their proliferative capacity than male-, dermal skin-derived MSCs based on their expression of Oct 3/4 protein. Further, lower c-Myc expression in A-MSCs compared to DS-MSCs indicates that the porcine adipose tissue may be the best source of MSCs in terms of safety for in vivo transplantation. As short-term activation of c-Myc promotes cell cycle progression, its prolonged activation may result in the initial hyper-proliferation of cells to subsequently undergo cellular senescence [11] .
SA-β-Galactosidase is known to specifically indicate the senescence of cells, whereas IL6 acts as both pro-inflammatory and anti-inflammatory cytokine. It also represents an important protein related to cellular senescence. Its role in human aging is plausible, though largely obscure. Adult mouse BM-MSCs were found to secrete significantly higher levels of IL6 than neonatal mouse BM-MSCs, and this elevated IL6 levels have been linked to various pathologies [15, 32, 47] . These findings indicate an increased secretion of IL6 might directly be associated with stem cell aging. Although MSCs were obtained at a relatively younger age of 8 months, positive staining was observed in the present study. MSCs isolated at 8 months of age displayed reduced proliferation with higher SA-β-Galactosidase activity indicating donor age may directly affect the cellular characteristics. Female-, adipose-derived MSCs with reduced expression of SA-β-Galactosidase and IL6 protein even at 8 months of age suggest that these cells might be more resistant to senescence in vitro compared to male-, DS-derived MSCs in porcine. This increased resistance to senescence may possibly due to their higher expression of Oct3/4 protein, which might contribute to prolonged proliferative capacity under in vitro condition. In the present study, apoptotic behavior of MSCs was not influenced by sex. Bcl2 is an anti-apoptotic protein that extends the cell life-span and facilitates tumorigenesis [6, 42] , and therefore, our study suggests that the DS-MSCs may possess tumorigenic properties due to their higher Bcl2 protein expression observed at 1 week after birth.
In conclusion, biological characteristics of porcine MSCs were affected by both donor age, gender and tissue source. Stemness and proliferative capacity of porcine MSCs were declined with donor aging. Higher differentiation potential was noted in adipose-derived MSCs compared to dermal skin-derived MSCs. Female adipose-derived MSCs displayed prolonged proliferation potential. Increased c-Myc and Bcl2 levels in DS-MSCs at 1 week after birth suggested their tumorigenic potential. Although we did not use very old porcine donors, our results suggest that MSCs display a cellular and molecular variability depending on the donor age, sex and tissue source even under similar genetic and environmental conditions. Based on these findings, it is concluded that adipose-tissue-derived MSCs from young female individuals tend to have higher resistance to senescence under in vitro culture conditions. 
